May for the northern part of the state. In terms of grain yield, the optimum time for planting corn in southern
are often at or near field capacity for moisture (Dwyer et al., 2000) . Therefore, lack of soil moisture is typically not a primary deterrent of emergence. Planting corn too early can result in seeds imbibing water but not T he northern Corn Belt of the USA is characterized germinating for long periods due to soil temperatures by a short growing season. Therefore, the timing of that are too low. Consequently, this can lead to a weakfield operations for crop production is critical. Due to ening of seed and seedling development caused by soil a short growing season and slow warming and drying microbes, which are active even at temperatures not of soils in the spring, the optimum period for planting conducive to corn germination (Shaw, 1977) . The result can be quite narrow. Sowing corn as early as possible can be poor stand establishment, uneven emergence, ensures taking advantage of the entire growing season, and slow plant development (Gupta et al., 1988 ; Ford thus allowing the use of full-season hybrids to optimize and Hicks, 1992; Bollero et al., 1996) . yields (Lauer et al., 1999) . In the central Corn Belt,
The accepted minimum temperature for corn seed typically the optimum time to plant corn is late April germination is about 10ЊC (Shaw, 1977) . Blacklow to early May (Benson, 1990) . Based on soil temperature (1972) showed that seedling radicle and shoot elongaand moisture requirements necessary to obtain 75% tion rates were greatest, and time to initiation the least, corn emergence within 14 d, Gupta (1985) recomat about 30ЊC. It was also found that both processes for mended that corn in the northern Corn Belt typically corn essentially ceased at constant temperatures of 9 and be planted within approximately the first 7 to 14 d of 40ЊC. Temperature-responsive polymer seed coatings May. For a 4-yr study conducted at six different locations have been developed that may allow early corn planting in Wisconsin, Lauer et al. (1999) found that the optimum while reducing risks of seed injury associated with cold, times to plant corn for best grain yields ranged from 1 wet soils (Hicks et al., 1996) . This temperature-activated to 7 May in the southern part of the state and 8 to 14 polymer (TAP) coating (Intellicoat, Landec Ag, Menlo Park, CA) is created using a process of side-chain crystal- (Hicks et al., 1996; Landec Ag, 2004 (Hicks et al., 1996) , extensive field research is needed a count was made. Seedlings were counted as emerged when to determine the feasibility of using this technology for the coleoptile was at least 0.01 m or greater above the soil earlier than normal planting. The present study was surface. Emergence is expressed as percentage of seed sown and as a function of accumulated growing degree days (GDD).
designed to compare the emergence performance and Omega, Stamford, CT). The arrays were installed vertically The main plots were planting dates and split plots were a with the top of the PVC block flush with the soil surface so factorial arrangement of hybrid ϫ coating treatments comthat the probes were at 0.01, 0.05, and 0.10 m below the soil pletely randomized within each planting date plot. In 2000, surface. For field placement, a vertical slab of soil was removed each treatment split plot consisted of six rows spaced 0.76 m approximately 0.10 m from the side of where seeds were apart by 9.14 m long. In 2001 and 2002, row lengths were planted, the array was pushed into place so as to not disturb increased to 13.72 m. In all 3 yr, corn was sown on ground the soil within the seed zone, and the slab was replaced and previously cropped with soybean. The seedbed was chiselpacked firmly. Temperature measurements were monitored plowed the previous fall and harrowed before planting. Fertilwith a CR10X data logger (Campbell Scientific, Logan, UT) izer was incorporated into the top 0.15 m of soil before planting every 60 s, and 15-min averages were recorded. At 0000 h at a rate of 168, 39, and 39 kg ha Ϫ1 N, P, and K, respectively. (midnight) Central Standard Time the daily minimum, maxiPhosphorous was added as diammonium phosphate and K as mum, and mean temperatures were recorded based on the potassium oxide. Nitrogen was added as urea (152.6 kg ha Ϫ1 ) 15-min averages. and diammonium phosphate (15.4 kg ha Ϫ1 ). No weed control was applied until several days after plants had fully emerged
Statistical Analysis
to avoid potential herbicide effects on emergence. Corn was planted on 29 March, 14 April, and 1 May in 2000. Because Nonlinear regression using GraphPad Prism (GraphPad of wet soil conditions in 2001 and 2002, the earliest planting Software, San Diego, CA) was used to fit the data to a Boltzmann sigmoidal function of the form: dates those 2 yr were 30 April and 24 April, respectively. A 
RESULTS
In 2001, by 30 April, soil temperatures had warmed to at least 10ЊC and only 1 d separated initial emergence There was no significant hybrid effect (P Յ 0.05) on of 8195 coating B and 9301 coating A from that of the stand establishment for any of the 3 yr. The hybrid ϫ other treatments (Fig. 2) . Daily mean soil temperatures planting date interaction was only significant in 2002, were as low as 8ЊC between DOY 141 and 144 in 2001 when 9301 generally had greater seedling emergence at which time coated seed of all three hybrids in the than the other two hybrids in the first planting date.
second planting had not yet emerged (Fig. 2) . The initial Over the 3-yr study, TAP coating and planting date emergence of coated seed ranged from 4 to 10 d later affected emergence characteristics for the hybrids examthan uncoated controls in the second planting date simiined. Due to variations in planting dates and soil temperatures, data were analyzed separately for each year. lar to 9198 coating B for the latest planting date in 2000. For the earliest planting dates in 2000 and 2002, seeds During 2002, seeds sown 24 April were exposed to remained in the soil for a considerable amount of time mean soil temperatures at or below 10ЊC for 20 d (Fig. 3 ). (as much as 32 d) before emerging ( Fig. 1 and 3 ). For
The longest delay to initial emergence for the first plantthe later planting dates in all 3 yr, and for the first ing date in 2002 was for uncoated seed of 9198 (29 d planting date in 2001, emergence occurred much sooner from sowing to emergence). Mean soil temperature was after planting (Fig. 1-3) .
12.4ЊC at the time of the second planting in 2002 and remained above this temperature until seedlings of all
Days to Emergence
hybrid and coating combinations had emerged (Fig. 3) . In 2000, daily mean 0.05-m depth soil temperature For the 16 May planting in 2002, initial emergence of remained Ͻ10ЊC until day of year (DOY) 113 (Fig. 1) . hybrid ϫ coating combination.
emergence of both 8195 and 9198 coating B was consistently greater than that of uncoated seed, but in the third sowing they were lower than uncoated controls (Table 1) . During 2001, no significant differences in stand establishment occurred between TAP-coated and uncoated seeds of any of the three hybrids tested for the 30 April planting date (Table 1) . For the second planting date, 8195 B and 9301 A had significantly greater and lower maximum emergence, respectively, compared with uncoated seeds (Table 1 ). In 2002, both planting date and seed coating significantly influenced stand establishment similar to what occurred in 2000 (Table 1 ). In the first planting date, maximum emergence of hybrids 8195 and 9301 coatings A and B and 9198 coating B was greater than that of their uncoated counterparts (Table 1).
Growing Degree Days for 50% Emergence
Accumulated GDD (measured at the 0.05-m depth) between sowing date and 50% emergence allows for reach 50% emergence was similar between coated and uncoated seed of 8195 (Table 2) . For 9198, the number all hybrid and coating combinations occurred approxiof GDD to 50% emergence was slightly less for coated mately the same time (Fig. 3) .
than uncoated seed in the first planting date. For both hybrids in the third planting date, the accumulated GDD
Maximum Emergence
to reach 50% emergence was greater for TAP-coated seed than that of uncoated controls, with the heavier B When planted 29 March in 2000, TAP-coated seed of coating causing slower emergence than the lighter A both hybrids led to significantly greater stand establishcoating (Table 2) . ment (i.e., maximum emergence) than uncoated seed In 2001, the number of GDD from sowing to 50% (Table 1) . For the second planting, differences in emeremergence for all hybrids and planting dates was consisgence between hybrids or coatings were not as great as observed during the first planting date. However, tently greater for TAP-coated seed than uncoated con- trols, and this difference increased with later planting stand is to be uniform. The total number of GDD be- (Table 2 ). In 2002, accumulated GDD between sowing tween 10 and 90% emergence for coated and uncoated and 50% emergence for TAP-coated seed of 8195 and seed of 8195 in the first two planting dates of 2000 was 9198 was less than uncoated controls for early planting similar, but it was greater for coated than uncoated and greater than untreated controls in the second plantseed for the third sowing date (Table 3 ) implying a less ing date (Table 2) . Like the other two hybrids, coated uniform stand. Coated seed of 9198 in the early sowing seed of 9301 sown late, also showed a greater delay in reached 90% emergence sooner than the uncoated conreaching 50% emergence than the uncoated countertrol. For 9198 in the third planting, only the A coating part (Table 2) . slowed 90% emergence (Table 3) . In 2001, accumulated GDD between 10 and 90%
Stand Uniformity
emergence was less for coated than uncoated seeds of both 8195 and 9198 planted early, but greater than conAccumulated GDD between 10 and 90% emergence trol seeds when planted 14 May (Table 3 ). In the first allows comparisons of emergence rates as influenced by planting date of 2002, the accumulated GDD between the interaction between soil temperature and the vari-10 and 90% emergence for coated seed was either the ous hybrid/seed coating treatments. It is an indicator same or less than the uncoated controls, while in the of stand uniformity. The lower the accumulated GDD between 10 and 90% emergence the more likely the later planting it tended to be greater (Table 3) . When hybrid corn seed was planted into soil Ͻ10ЊC To fully assess the potential benefits of TAP coatings and remained in the soil for Ͼ20 d before beginning for early planting it is important to directly compare to emerge, maximum emergence was almost always emergence characteristics of coated seed planted early greater for coated seed than that of uncoated seed ( Fig. 1 with that of uncoated seed planted at a normal or averand 3 and Table 1 ). Furthermore, based on seed zone age date. In 2000, maximum emergence of the earliest GDD, often the rate of emergence was more rapid for planted 8195 A, 8195 B, and 9198 B did not differ from coated seed than uncoated seed when both were exthat of uncoated seeds sown 1 May (Table 4) . Maximum posed to cold soil for Ͼ20 d (Tables 2 and 3 ). These emergence of early planted 8195 B in 2001 was lower results indicate that TAP coatings offered some protecthan its uncoated control sown 14 May, but the other tion against injury caused by cold soil. The longer seed early hybrid coating treatments were not different than remains in the ground under cold soil conditions before their respective uncoated controls planted later (Table  emergence the more likely it is to be damaged by patho-4). During 2002, early planted TAP-coated seed of 8195 gens, thus leading to poor stand establishment (Shaw, and 9198 resulted in lower maximum emergence than 1977). Although not measured in this study, the coatings their respective uncoated controls planted 16 May (Taprobably offered protection to seeds by restricting water ble 4). However, early sown 9301 A and 9301 B resultimbibition until soil temperatures increased to levels ed in similar maximum emergence to uncoated seed more conducive to germination. planted later.
An important concern regarding the usefulness of In both 2000 and 2002, total accumulated GDD to TAP-coatings for early planting is how emergence of 50% emergence for all hybrid TAP coating treatments coated seed exposed to cold soil (i.e., Յ10ЊC) for an in the earliest planting date were significantly less then extended time compares with uncoated seed planted uncoated controls in the latest planting date for each when soil temperatures are more favorable for germinaof those years (Table 4 further study.
B NS NS NS
Uneven corn emergence can often lead to lower yields 9301 A NS NS NS (Nafziger et al., 1991) . In this study, uneven emergence
B NS NS NS 2002
was not apparent with either uncoated or TAP-coated seed (field observation). However, differences in emer- , TAP-coated seed had more rapid than average generally produced stands comparable to emergence rates than uncoated seed. Furthermore, that of uncoated seed planted at an average time under when compared with uncoated seed planted in early to more favorable soil temperatures. However, when mid-May, earlier-sown coated seed generally had similar coated seed was planted at a near-average planting date, or greater rates of emergence (Table 4) . Again, these its emergence rate was often slower than that of unresults indicate that the TAP coatings may have offered coated seed. This delay in emergence caused by the some protection against cold soils allowing seed to retain coating could potentially lead to uneven stands and loss vigor until germination.
of yield potential by shortening the length of time for For the near-average planting dates, the emergence vegetative plant development. In the future, planting rate of coated compared with uncoated seed responded date guidelines will likely need to be made for when differently than in the early plantings. In these instances, to switch from planting TAP-coated to uncoated seed. TAP coatings generally resulted in slower emergence
Further research is needed to evaluate TAP coating on rates than uncoated seed, and therefore, may have had a wider range of hybrids than used in this study. Also, a detrimental effect for sowing at an average planting our results indicate that more research is needed to date. In fact, the longer emergence delay, especially that assess potential interactions of soil temperature, water between 10 and 90% emergence, indicates the potential content, and soil type on the physical characteristics of for uneven emergence. The reason for this is likely the TAP coating in relation to corn seed germination. time required for the coating to dissociate before allowing water absorption, which might be influenced
